The role of glycoprotein E (gE) and gI of Marek's disease virus serotype 1 (MDV-1) for growth in cultured cells was investigated. MDV-1 mutants lacking either gE (20⌬gE), gI (20⌬gI), or both gE and gI (20⌬gEI) were constructed by recE/T-mediated mutagenesis of a recently established infectious bacterial artificial chromosome (BAC) clone of MDV-1 (D. Schumacher, B. K. Tischer, W. Fuchs, and N. Osterrieder, J. Virol. 74:11088-11098, 2000). Deletion of either gE or gI, which form a complex in MDV-1-infected cells, resulted in the production of virus progeny that were unable to spread from cell to cell in either chicken embryo fibroblasts or quail muscle cells. This was reflected by the absence of virus plaques and the detection of only single infected cells after transfection, even after coseeding of transfected cells with uninfected cells. In contrast, growth of rescuant viruses, in which the deleted glycoprotein genes were reinserted by homologous recombination, was indistinguishable from that of parental BAC20 virus. In addition, the 20⌬gE mutant virus was able to spread from cell to cell when cotransfected into chicken embryo fibroblasts with an expression plasmid encoding MDV-1 gE, and the 20⌬gI mutant virus exhibited cell-to-cell spread capability after cotransfection with a gI expression plasmid. The 20⌬gEI mutant virus, however, was not able to spread in the presence of either a gE or gI expression plasmid, and only single infected cells were detected by indirect immunofluorescence. The results reported here demonstrate for the first time that both gE and gI are absolutely essential for cell-to-cell spread of a member of the Alphaherpesvirinae.
Marek's disease virus (MDV) is a member of the Alphaherpesvirinae subfamily of the Herpesviridae (59) . Serotype 1 MDV (MDV-1), also referred to as gallid herpesvirus 2, induces T-cell lymphomas in chickens, whereas MDV-2 (also referred to as gallid herpesvirus 3) and MDV-3 are less pathogenic and do not induce tumors (8, 42, 47) . MDV-3 represents the herpesvirus of turkeys, which is now classified as meleagrid herpesvirus 1 and which has been widely used for vaccination against Marek's disease (59) .
MDV-1 and also MDV-2 exhibit unusual growth properties compared to other members of the virus subfamily, inasmuch as virtually no free virus is released into the supernatants of cultured cells, irrespective of the cell culture system used. Free infectious virus is released from the feather follicle epithelium of naturally or experimentally infected birds only (9) . In this respect, MDV-1 closely resembles another alphaherpesvirus, varicella-zoster virus (VZV), which produces only small amounts of free infectious virus in cultured cells (20) .
Complete sequence analysis of two strains has revealed that the MDV-1 genome harbors the alphaherpesvirus-specific repertoire of glycoprotein genes with the exception of a glycoprotein G (gG) gene, i.e., genes encoding gB, gC, gD, gE, gH, gI, gK, gL, and gM. In addition, a UL49.5 homologous open reading frame (ORF), the product of which is glycosylated in pseudorabies virus (PrV) is present (25, 57) . Expression of MDV-1 gB, gC, gE, gI, gH, gL, and gK has been demonstrated (5, 43, 44, 51, 63, 64) , whereas MDV-1 gD expression is absent in cultured cells due to the lack of production of gD-specific transcripts (51) . gE and gI form a disulfide-linked heterodimer in all alphaherpesviruses investigated to date, which is nonessential for growth of herpes simplex virus type 1 (HSV-1), PrV, bovine herpesvirus 1 (BHV-1), and feline herpesvirus (4, 35, 65, 68) . HSV-1 and PrV gE and gI have been studied in great detail (7, 10, 13-15, 21-23, 31, 16, 52-56, 61) , and it could be shown that deletion of HSV-1 gE or gI results in a virus that lacks Fc receptor activity but is viable in nonpolarized cultured cells (22) . Spread of HSV-1 gE and gI deletion mutants in vivo or in polarized cells which form extensive cell junctions, however, is severely impaired (4, 13-15, 23, 31) . This defect of the viral mutants is caused by a missorting of the glycoproteindeficient viruses. While wild-type viruses are primarily sorted to epithelial cell junctions, mutant viruses are not. The correct sorting of HSV-1 to tight junctions is apparently dependent on the cytoplasmic domain of gE (23) . Similar to the situation in HSV-1, the PrV gE-gI complex is nonessential for growth in vitro (68) , but PrV is impaired in neuropathogenicity after deletion of gE or gI (10, 24, 61, 52, 54, 56) . It has also been shown that deletion of gM in addition to gE and gI results in PrV or equine herpesvirus 1 (EHV-1) progeny that are severely compromised in virus release and cell-to-cell spread of infectivity (6, 50) . The inability of the PrV and EHV-1 triple mutants to efficiently spread from cell to cell as well as the defect in virus egress appears to be caused by an inefficient secondary envelopment of virions at vesicles of the Golgi ap-paratus. It has additionally been shown that PrV egress from cultured cells and efficient cell-to-cell spread in vivo are mediated by the cytoplasmic tails of gE and gI (56) .
The growth properties of VZV in cultured cells closely resemble those of MDV-1, and it was demonstrated that VZV gE and gI form a noncovalently linked complex (1) (2) (3) 20) . The roles of gE and gI in VZV replication have been studied by using mutant viruses reconstituted from overlapping cosmid clones. The effects of a deletion of either of the proteins appear to be, at least to a certain extent, cell type specific. It was reported that deletion of gI in the Oka strain resulted in a virus that was unable to grow in Vero cells and exhibited reduced replication in other cells (11) . Mallory et al. (28, 29) reported that gE but not gI is essential for growth of the virus in cultured cells. Deletion of gI resulted in incomplete processing of gE as reflected by an altered mobility of the glycoprotein in sodium dodecyl sulfate (SDS)-polyacrylamide gels. Further experiments showed that gE and the gE-gI complex facilitate cell-tocell contacts in epithelial cells and thus promote viral spread (36) and that the cytoplasmic tail of VZV gI interacts with tegument proteins (60) .
In the case of MDV-1, gE and gI, which contain a total of seven and five consensus N-glycosylation sites, respectively, are expressed from a bicistronic mRNA and an mRNA that spans a large portion of the unique short (U S ) region of the genome from the U S 3 ORF to that of gE (U S 8). In addition, a gEspecific monocistronic mRNA was detected. This transcriptional organization is unusual for an alphaherpesvirus and may be caused by the lack of MDV-1 gD transcription in cultured cells (25, 51, 57) .
The aim of this study was to explore the function of the gE-gI complex in MDV-1 by analyzing the effects of the deletion of these two glycoproteins alone or in combination. By using a recently established infectious BAC clone of MDV-1 strain 584A and recE/T-based mutagenesis (38, 39, 67) , three mutant viruses were constructed. The gE and gI single mutants as well as the gE-gI double mutant were unable to grow in cultured cells. However, growth of the single mutants could be restored by cotransfection of an expression plasmid harboring the respective glycoprotein, demonstrating that both gE and gI are essential for growth of MDV-1 in cell culture. This is the first example of an alphaherpesvirus for which both gE and gI play absolutely essential roles in virus growth in cultured cells.
MATERIALS AND METHODS
Virus and cells. Primary or secondary chicken embryo fibroblasts (CEF) or quail muscle cells (QM7; ATCC CRL-1962) were maintained in Dulbecco's modified essential medium (DMEM) supplemented with 5 to 10% fetal calf serum. MDV-1 strain 584Ap80C reconstituted from infectious BAC20 (49) was used in this study. BAC20 virus was recovered at day 5 after transfection of 1 g of BAC20 DNA into CEF by calcium phosphate precipitation (49) unless otherwise stated. Transfections of mutant BAC clones were performed accordingly using 1 to 5 g of BAC DNA.
Plasmids and PCR. MDV-1 gE and gI ORFs were amplified from strain 584Ap80C by standard PCR as described previously (49) and using primers containing appropriate restriction enzyme sites ( Table 1 ). The resulting amplification products were cleaved with restriction enzymes and cloned into plasmid pcDNA3 (Invitrogen). Correct insertion of the genes in recombinant plasmids pcMgE and pcMgI ( Fig. 1 ) was determined by cycle sequencing (41) . For transfections, 10 g of purified pcMgE, pcMgI, or pcMgM (40) was used. PCR amplification of fragments containing the kanamycin resistance gene for recE/T cloning was obtained by using plasmid pACYC177 (MBI Fermentas) as a template. The primers contained 20 nucleotides each of kanamycin resistance genespecific sequences and 50 nucleotides of MDV-1-specific sequences to allow homologous recombination (Table 1) . PCR products were then used for production of gE-, gI-, or gE-gI-negative BAC20 ( Fig. 1) .
Mutagenesis of BAC20. For mutagenesis of BAC20 DNA, a homologous recombination system was used which is performed in Escherichia coli (38, 39, 49, 67) . Electrocompetent DH10B cells (GIBCO-BRL) carrying both pGETrec (39) and MDV-1 BAC20 were prepared by inoculating a fresh overnight culture into 250 ml of Luria-Bertani (LB) medium containing ampicillin (100 g/ml) and chloramphenicol (30 g/ml) until an optical density at 600 nm of 0.4 was reached. Expression of recE, recT, and gam was then induced by addition of L-arabinose to a final concentration of 0.2% and further incubation for 20 min. Cells were harvested and made electrocompetent by a standard protocol (38, 39) . For recombination of a linear fragment into BAC20, 300 ng of a purified PCR product to delete the target sequences ( Fig. 1 ; Table 1 ) was electroporated into 40 l of electrocompetent pGETrec-containing BAC20 cells using standard electroporation parameters (1.25 kV/cm, 200 ⍀, and 25 F). After electroporation, cells were grown in 1 ml of LB for 60 min and moved onto LB agar plates containing chloramphenicol (30 g/ml) and kanamycin (30 g/ml). Doubleresistant colonies were picked into liquid LB medium, and small-scale preparations of mutant BAC20 DNA were performed by alkaline lysis of E. coli (46) . Large-scale preparations of mutant BAC DNAs were done using commercially available kits (Qiagen; Macherey & Nagel). 
Kanamycin resistance gene for gI and gEI deletion gI-kan R 
Kanamycin resistance gene for gE and gEI deletion gI-rev-a 5Ј-TTCAAATCACCTGACGACGA-3Ј Fragment for gE rescuant gE-rev-b 5Ј-TAACTCTTCCAACTCCAGGG-3Ј Fragment for gI rescuant a Restriction enzyme sites are given in lowercase boldface type; sequences in italics indicate additional bases which are not present in the MDV-1 sequence. b For primers gI-kan R -a, gI-kan R -b, gE-kan R -a, and gE-kan R -b, underlined sequences indicate sequences from pACYC177 used to amplify the kan resistance gene. Sequences printed in boldface italic type represent gI and gE sequences which allowed homologous recombination for recE/T-mediated deletion of the genes.
DNA analyses. BAC DNA was cleaved with restriction enzymes (Roche Biochemicals) and separated on 0.8% agarose gels. DNA fragments were transferred to positively charged nylon membranes (Pharmacia-Amersham), and Southern blot hybridization was performed using digoxigenin-labeled gE, gI, or kanamycin resistance gene probes. Chemiluminescence detection of DNA hybrids using CSPD [disodium 3-(4-meth-oxyspiro{1,2-dioxetane-3,2Ј-(5Ј-chloro) tricyclo[3.3.1.1 3.7 ]decan}-4-yl)phenyl] was done according to the supplier's instructions (Roche Biochemicals).
Generation of an MDV-1 gE-specific antiserum. To generate a gE-specific antiserum, the carboxy-terminal region of MDV-1 gE, from codons 420 to 497, was amplified from viral DNA by PCR using the primers listed in Table 1 . The first primer contained a BamHI site followed by MDV-1 nucleotides 163650 to 163669, and the second primer contained an XhoI site followed by MDV-1 nucleotides 163862 to 163882. The amplified product was digested with BamHI and XhoI and cloned into plasmid vector pGEX-5X-3 (Pharmacia-Amersham), which contains glutathione S-transferase (GST) gene. The junction sequence between gE and pGEX-5X-3 was confirmed by DNA sequencing. The fusion protein was expressed in E. coli, which was lysed by sonication, and the GST-gE fusion protein was purified with glutathione-Sepharose according to the manufacturer's instructions. A rabbit was immunized four times at 4-week intervals with 150 g of GST-gE fusion protein suspended in complete (first immunization) or incomplete Freund's adjuvant. Antiserum was obtained 2 weeks after the final boost and adsorbed twice with lysates of uninfected CEF.
Protein analyses. For indirect immunofluorescence analyses (IIF), cells were grown on six-well plates (Greiner) or on glass coverslips. Cells were fixed with 90% acetone at various times after infection, IIF was done exactly as described, and samples were analyzed by conventional fluorescence microscopy (32, 49) . The antibodies used were anti-gB monoclonal antibody (MAb) 2K11, anti-gE (see above), or anti-gI polyclonal rabbit antiserum (51) (kindly provided by Lucy Lee, Avian Disease and Oncology Laboratory, East Lansing, Mich.) or a convalescent-phase serum from a chicken infected with MDV-1 (anti-MDVI) (49) . Radioimmunoprecipitation assays (RIPA) were done following a published protocol with slight modifications (51) . Briefly, 10 7 CEF were infected with 10 5 BAC20 virus-infected CEF. At various times after infection, infected cells were overlaid with DMEM without methionine and cysteine for 30 min. Subsequently, 35 S-labeled methionine and cysteine (300 Ci/ml; Tran 35 S-label [ICN Biochemicals]) in DMEM were added for 2 h. Cell lysates were prepared (50), precleared using 3 l of an irrelevant rabbit antibody and a Staphylococcus aureus lysate (Pansorbin; Calbiochem), and finally incubated with 3 l of the gE-or gI-specific rabbit antiserum for 1 h before immunocomplexes were precipitated using Pansorbin. After four washes using RIPA wash buffer (46) , immunocomplexes were resuspended in 90 l of deglycosylation buffer {50 mM K 3 
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MDV-1 gE AND gI ARE ESSENTIAL after addition of sample buffer (32) . To test for Fc receptor binding of the gE-gI complex, purified immunoglobulin Y (IgY) from egg yolk was added to preadsorbed lysates and precipitated with a mouse anti-IgY-specific antibody (IgY and mouse anti-IgY antibody were kindly provided by B. Kaspers, University of Munich, Munich, Germany). Western blot analyses of purified IgY or IgY immunoprecipitates were done exactly as described earlier (50) . The secondary antibody used for visualization was anti-chicken IgG peroxidase conjugate (Sigma).
RESULTS
MDV-1 strain 584Ap80C gE and gI form a complex which does not bind to chicken IgY. Previous work with MDV-1 strain RB1B had demonstrated that gE was coprecipitated when infected cell lysates were incubated with an anti-gI antibody (51) . To verify expression of the glycoproteins in the 584Ap80C background and to analyze the putative gE-gI complex of MDV-1 in more detail, a gE-specific antiserum (anti-gE) directed against amino acid residues 420 to 497 of gE was generated after injection of a GST-gE fusion protein into a rabbit. Using the anti-gE and an anti-gI antibody (51) it could be shown by IIF that both gE and gI were expressed in BAC20infected cells from 24 h postinfection (hpi) and throughout the observation period until 96 hpi (data not shown). The results of the IIF experiments were confirmed by performing RIPA using radiolabeled BAC20-infected cell lysates and anti-gE and anti-gI antibodies ( Fig. 2A ; results are shown for 72 and 96 hpi). SDS-10% PAGE of RIPA with the anti-gE antibody demonstrated that gE of MDV-1 strain 584Ap80C is expressed as two N-glycosylated moieties with molecular masses of approximately 60 to 62 kDa and 67 to 72 kDa ( Fig. 2A) . Treatment of the anti-gE-specific immunoprecipitates with PNGase F resulted in the appearance of a single 48-kDa protein band after SDS-10% PAGE (Fig. 2B) . The higher-molecular-mass gE moiety (67 to 72 kDa) represented the Endo H-resistant mature form of the protein, because it was sensitive to treatment with PNGase F but not Endo H, whereas the faster-migrating form of gE contained high-mannose sugar side chains as reflected by its sensitivity to both PNGase F and Endo H (Fig.  2B ). Radioimmunoprecipitates of BAC20-infected cell lysates using the anti-gI antibody contained proteins with apparent molecular masses of 45 to 47 kDa and 64 to 72 kDa after SDS-10% PAGE ( Fig. 2A) . Deglycosylation experiments with the immunoprecipitates obtained with the anti-gI antibody revealed the presence of 37-and 48-kDa bands after PNGase F digestion and protein bands of 37 kDa and 65 to 67 kDa after Endo H treatment (Fig. 2B) . These results indicated that gI is expressed as a 37-kDa polypeptide which is primarily glycosylated to a high-mannose-containing glycoprotein of 45 to 47 kDa (Fig. 2B) . The origin of the 65-to 67-kDa protein band which was resistant to Endo H treatment and specifically precipitated with the anti-gI but not the anti-gE antibody (Fig. 2B) is not entirely clear. We concluded that this band represents the fully glycosylated form of gI that partially comigrates with the Endo H-resistant mature form of gE. Alternatively, different forms of gE which are resistant to Endo H treatment may have been coprecipitated with the gI antibody (Fig. 2B) . The observed reductions in apparent molecular masses of both gE and gI after PNGase F treatment exactly correspond to the calculated values for the gE or gI polypeptide backbone and also to sizes of the in vitro transcription-translation products (51) . In addition, the detection of the gE precursor from precipitates using the anti-gI antibody after PNGase F but not after Endo H treatment strongly suggested that only mature gE forms a complex with gI ( Fig. 2B) .
In a series of experiments using BAC20 lysates which had been radiolabeled and harvested at various times after infection, the putative binding of the gE-gI complex to soluble IgY was investigated. Radiolabeled infected-cell lysates (100 l) were incubated with 1.5, 0.15, or 0.015 g of purified soluble IgY which was subsequently precipitated using a mouse-antichicken IgY antibody (17) . In none of the precipitates separated by SDS-10% PAGE could a precipitation of either gE or gI be observed (Fig. 2C) . The precipitation of soluble chicken IgY but not rabbit IgG by the mouse anti-IgY antibody was shown by Western blot analyses of immunoprecipitates using the mouse anti-IgY antibody (Fig. 2D ). Similar to the result obtained after immunoprecipitation using radiolabeled cell lysates, purified IgY did not specifically bind to BAC20-infected cultured cells before or after fixation (data not shown). Taken together, these results strongly suggested that the MDV-1 gE-gI complex does not have Fc receptor binding activity in vitro.
Characterization of MDV-1 BACs with deletions of the gE, gI, or both gE and gI genes. RecE/T mutagenesis was applied to remove the gI (U S 7) or gE (U S 8) or both ORFs in BAC20 DNA. Linear PCR fragments encoding the kanamycin resistance gene and 50-bp flanking sequences to allow homologous recombination were electroporated into BAC20-containing DH10B cells harboring plasmid pGETrec (39, 49) . Approximately 50 BAC20 colonies which exhibited kanamycin resistance were obtained for each of the three mutants. Individual colonies were picked and analyzed by restriction enzyme analysis, Southern blotting, and cycle sequencing (41, 49) . One colony from each transformation harboring a mutant BAC20 clone was chosen and termed 20⌬gE, 20⌬gI, or 20⌬gEI, respectively ( Fig. 1 ). BAC DNA from colonies harboring the kanamycin resistance gene was prepared, digested with HindIII, and separated by 0.8% agarose gel electrophoresis (Fig. 3) . In DNA cleaved with HindIII, alterations of the restriction enzyme fragments were detectable in mutant BAC clones ( Fig. 3) , because the insertion of the kanamycin resistance gene results in the introduction of an additional HindIII site in mutant BACs. Whereas a 26.0-kbp fragment encompassing the gE and gI ORFs was present in BAC20 ( Fig. 3) , fragments of 20.6 and 5.0 kbp in 20⌬gE, 19.4 and 6.6 kbp in 20⌬gI, and 19.4 and 5.0 kbp in 20⌬gEI were readily visible (Fig. 3) . The genotypes of mutant BAC clones were confirmed by Southern blot analysis using kanamycin resistance genespecific, gE, or gI probes (Fig. 3) . As expected, the kanamycin resistance gene-specific probe only hybridized to fragments of mutant BAC DNA, whereas the gE and gI probes detected the 26.0-kbp fragment in BAC20 DNA only. Cycle sequencing of the junction regions between the kanamycin resistance gene and viral DNA corroborated the correct insertion of the antibiotic resistance gene and the absence of the respective ORF(s) in 20⌬gE, 20⌬gI, and 20⌬gEI, respectively (data not shown).
Growth characteristics of 20⌬gE, 20⌬gI, and 20⌬gEI and rescuant viruses. To analyze the growth properties of mutant MDV-1, DNA from mutant BAC clones was transfected into primary CEF or QM7 cells and analyzed for the appearance of virus plaques. Whereas MDV-1-specific plaques were visible from day 2 after transfection of parental BAC20 DNA into CEF, no virus plaques were obtained after transfection of either 20⌬gE, 20⌬gI, or 20⌬gEI DNA even after 7 days of incubation. These results were confirmed by IIF using the MDVI chicken antiserum or anti-gB MAb 2K11. Whereas the expected reactivity of viral plaques with the MDV-1-specific FIG. 3. Calculated sizes of fragments of BAC20 and mutant BAC genomes after HindIII digestion (A) and digitally scanned images of Southern blots to analyze size variations in the various mutants (B). DNA from BAC20, 20⌬gE, 20⌬gI, or 20⌬gEI was cleaved with HindIII and transferred to nylon membranes. Sheets were incubated with digoxigenin-labeled kanamycin resistance gene-specific, gE, or gI probes. The 1-kb ladder (Gibco-BRL) was used as a size standard. Fragments that are altered in the mutant BAC genomes when compared to the BAC20 genome (5.0, 6.6, 19.4, and 20.6 kbp) are indicated (arrowheads); the 26.0-kbp fragment of BAC20 containing the gE and gI ORFs is marked with an asterisk.
antibodies was observed in CEF transfected with BAC20, single cells only were reactive with either antibody after transfection of DNA obtained from any of the mutant BACs (data not shown). Similarly, no plaque formation was observed when cells transfected with 20⌬gE, 20⌬gI, or 20⌬gEI were coseeded with freshly prepared CEF at days 2 to 5 after infection, and only single infected cells were detectable after coseeding of CEF with cells transfected with mutant genomes (Fig. 4) . MDV-1-specific plaques, however, could be easily identified after coseeding of CEF transfected with BAC20 and freshly FIG. 4 . Growth of BAC20, mutant, and rescuant viruses on CEF or QM7 cells. Cells were infected with wild-type, mutant, or rescuant viruses by coseeding of cells transfected with the various viruses with fresh CEF or QM7 cells. At 4 days after infection, IIF using anti-gB MAb 2K11 was performed. In the case of BAC20 virus, plaque formation in CEF and QM7 cells was observed. In contrast, only single infected cells were observed after infection of CEF or QM7 cells with 20⌬gE, 20⌬gI, or 20⌬gEI. The ability to produce MDV-1-specific plaques was restored in rescuant viruses from 20⌬gE, 20⌬gI, and 20⌬gEI on both CEF and QM7 cells. Individual pictures represent views of 1,000 by 650 m.
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MDV-1 gE AND gI ARE ESSENTIAL prepared CEF (Fig. 4) . A cell-type-specific essentiality of either gE or gI was excluded by performing identical transfection and infection experiments in QM7 cells. As described above, MDV-1 plaque formation was observed in cells transfected with BAC20 but not in those transfected with either 20⌬gE, 20⌬gI, or the double deletion mutant 20⌬gEI (Fig. 4) . In contrast, rescuant viruses, in which the deleted gE gene (20⌬gE) or gI gene (20⌬gI) or both genes (20⌬gEI) had been reinserted, were able to produce plaques on CEF and QM7 cells which were indistinguishable from those induced by the parental BAC20 virus (Fig. 4) . Rescuant viruses were isolated by cotransfection of the individual mutant BAC clones and PCR products encompassing the previously introduced deletions ( Fig. 1) . To verify expression of gE in the 20⌬gI and of gI in 20⌬gE mutant virus, respectively, QM7 cells were transfected with mutant MDV-1 BAC DNAs. The anti-gE antibody detected single cells after transfection of the 20⌬gI mutant, whereas the anti-gI antibody was reactive with single cells after transfection of 20⌬gE DNA (Fig. 5 ). No reactivity with either antibody was obtained in cells transfected or infected with the double deletion mutant 20⌬gEI (data not shown).
Transcomplementation of growth of 20⌬gE and 20⌬gI. The transfection and coseeding experiments of the various mutants and the respective rescuant viruses strongly suggested that both gE and gI of MDV-1 are essential for virus growth in vitro and thus are crucially involved in cell-to-cell spread of MDV-1. To demonstrate that the two glycoproteins are indeed essential, transient transcomplementation assays were performed.
Firstly, CEF were cotransfected with 20⌬gE and pcMgE, pc-MgI, or pcMgM (41) . Each of these plasmids expresses the respective MDV-1 ORF under the control of the HCMV IE promoter-enhancer ( Fig. 1) . Transfected cells were scanned for MDV-1 plaque formation from day 2 after transfection, and IIF was performed. Plaque formation was detectable from day 3 in CEF after cotransfection of 20⌬gE BAC DNA and the pcMgE expression plasmid. In contrast, no plaque formation but only single infected cells were observed in CEF cotransfected with the mutant genome and pcMgI or pcMgM (Fig. 6) . Similarly, cell-to-cell spread capability of the gI-negative mutant (20⌬gI) was transcomplemented by the corresponding expression plasmid pcMgI only, and single infected cells were observed after cotransfection of the gI-negative virus and the gE or gM expression plasmid (Fig. 6 ). When DNA of the double deletion mutant 20⌬gEI was cotransfected with either pcMgE or pcMgI, however, no virus plaques were observed at any time after transfection. Only single infected cells were observed after staining of the monolayers with the anti-MDV-1 chicken antibody (Fig. 6 ). The transcomplementation of the single deletion mutants 20⌬gE and 20⌬gI could also be demonstrated in QM7 cells. After cotransfection of 20⌬gE with pcMgE as well as 20⌬gI with pcMgI, MDV-1 specific plaques were observed. In contrast, no plaque formation was observed after cotransfection of 20⌬gEI with either or both expression plasmids, or after cotransfection of DNA of single mutants with the noncorresponding expression plasmids in these cells (data not shown). From the results of the cotransfection ex- periments using CEF and QM7 cells it was concluded that cell-to-cell spread of MDV-1 in cultured cells is dependent on the expression of both gE and gI.
DISCUSSION
In this communication we have performed an analysis of the function of the gE-gI complex of MDV-1 strain 584Ap80C for virus growth. The salient findings reported here are that gE and gI form a complex that does not have chicken IgY Fc receptor binding activity and that deletion of either gE or gI even in a highly passaged MDV-1 results in virus mutants which are not viable in cultured cells. These findings demonstrate that gE and gI of MDV-1 are essential for virus growth in vitro, i.e., for direct cell-to-cell spread of infection. gE and gI of members of the family Alphaherpesvirinae form a multifunctional complex which is involved in virus egress and cell-to-cell spread and represents an Fc receptor in HSV-1 and VZV (21, 27) . The results of the RIPA reported here indicate that only the fully processed forms of gE and gI of MDV-1 FIG. 6. Transcomplementation of mutant viruses by the corresponding expression plasmids. Mutant 20⌬gE, 20⌬gI, or 20⌬gEI BAC DNA was cotransfected with pcMgE or pcMgI. Five days after transfection, cells were fixed with acetone and IIF using anti-gB MAb 2K11 was performed. Cell-to-cell spread of 20⌬gE and 20⌬gI was rescued by the corresponding expression plasmid (pcMgE and pcMgI). In contrast, growth of 20⌬gEI could not be restored by any expression plasmid. Individual pictures represent views of 1,000 by 650 m form a complex and thus corroborate and extend previously reported data on RB1B gE-gI complex formation (51) . Analysis of precipitates using gE-or gI-specific antibodies clearly indicates complex formation between the two glycoproteins, but the coprecipitation of mature gE with the gI antibody and very similar molecular masses of mature gE and gI make interpretation of the data difficult. At present, based on the results of previous studies (51) and the deglycosylation experiments performed here we propose that MDV-1 gE is synthesized as 48-kDa precursor protein in infected cells that is processed to a 60-to 62-kDa glycoprotein containing high-mannose sugar side chains. After entering the trans-Golgi network (TGN), gE is trimmed to the mature 67-to 72-kDa Endo H-resistant protein which complexes with gI. In case of gI, a 37-kDa protein precursor appears to be N-glycosylated to form a 45-to 47-kDa high-mannose-containing glycoprotein, which may be subsequently trimmed to a 65-to 67-kDa mature glycoprotein. The 65-to 67-kDa Endo H-resistant band was only observed after precipitation with the gI but not the gE antibody, but we cannot exclude the possibility that this band contains different forms of gE and not mature gI. It is interesting that two different polyclonal anti-gE antibodies did not precipitate gI in cells that had been infected with two different viruses (reference 51 and this study). Also, the anti-gI antibody was able to precipitate the mature form of gE only, indicating that full processing of MDV-1 gE may not be dependent on interaction with gI. The nature of gE-gI interaction and glycoprotein maturation will be addressed in detail after generation of novel MAbs and by using QM7 cell lines that constitutively express one of the glycoproteins and can be transfected with the respective complex partner, because we were not able to definitely clarify the origin of the bands obtained after immunoprecipitation with the available antibodies. The question of a putative Fc receptor activity of the MDV-1 gE-gI complex which has been reported for HSV-1, HSV-2, and VZV was examined by using purified chicken IgY (IgG) from egg yolk either in solution or on infected cells. Even with high amounts of purified IgY, we were not able to demonstrate a specific binding of MDV-1 gE or gI to the antibody preparation. This result is in good agreement with those from previous reports, inasmuch as Fc receptor activity so far has only been demonstrated for human but not animal alphaherpesviruses (20) (21) (22) .
Concerning the effect on virus growth after deletion of either gE or gI in MDV-1, the experiments reported in this communication demonstrate that cell-to-cell spread of MDV-1 is essentially dependent on expression of gE and gI. Previous studies of the requirement of gE and gI for growth of VZV, a closely related virus that primarily grows by direct cell-to-cell spread in cultured cells, have shown that deletion of gE resulted in a marked reduction of virus growth, whereas a gInegative VZV exhibited a cell type-specific growth restriction (11, 28, 29) . The contributions of the gE-gI complex to direct cell-to-cell spread and the exact mechanisms by which the complex is involved in this process remain enigmatic. A number of recent studies, however, have shown that HSV-1 and also VZV gE and gI are present at tight junctions and that absence of gE or gI leads to missorting of HSV-1 virions in polarized epithelial cells (23, 31, 62) . Also, interaction of HSV-1 gE with ␣-catenin, an F-actin binding protein, might suggest that cell-to-cell spread involves gE-gI as the viral coun-terpart and F-actin as the player of the host cell in this process (45) . Alphaherpesvirus gE-gI complexes are thought to function in virus egress and cell-to-cell spread by virtue of interaction with tegument proteins, resulting in secondary envelopment of nucleocapsid at membranes of the Golgi network (6, 7, 50) . This view is substantiated by the fact that activity of the PrV gE-gI complex in vivo is impaired in the absence of the cytoplasmic tails of gE or gI (52) (53) (54) (55) (56) . Whereas deletion of gE and/or gI can occur after serial passage of PrV and EHV-1 especially in nonhomologous cell culture systems (19, 33) , simultaneous absence of the gE-gI complex and gM in PrV (6) or either gM or the UL49.5 product in EHV-1 leads to virus progeny that are severely impaired in both virus egress and direct cell-to-cell spread (50) . These studies have revealed that the gE-gI and the gM-UL49.5 complexes serve overlapping but different functions in alphaherpesvirus egress and cell-to-cell spread. In the case of another alphaherpesvirus, BHV-1, absence of gE leads to an accelerated virus egress, at least early after infection and in the beginning of virus release from infected cells (58) .
The apparently greater importance of gE and gI for growth of MDV-1 in cultured cells as demonstrated here may be caused by the smaller repertoire of MDV-1 glycoproteins expressed in cultured cells. In MDV-1-infected duck or chicken embryo fibroblasts, neither gD nor a gD-specific transcript is detectable (51), and, as indicated above, MDV-1 is transmitted from an infected to an uninfected cell only by virtue of direct cell-to-cell spread of virus and no free extracellular virus is produced (40, 66) . In this respect, MDV-1 also closely resembles VZV, which produces plaques but only minute amounts of extracellular infectivity in cultured cells (20) . It should also be noted that other members of the Alphaherpesvirinae family, such as PrV, that lack gD, gE, and gI are also severely impaired in cell-to-cell spread (34, 37) . These observations emphasize the importance of gE and gI for cell-to-cell spread of alphaherpesviruses in the absence of gD. Based on the reported gE and/or gI function in various virus systems and the assumption that the glycoproteins encoded by the unique short region have arisen by virtue of gene duplication (30) , it is conceivable that gD and the gE-gI complex may serve partially overlapping functions in cell-to-cell spread of members of the Alphaherpesvirinae family. In the concerted action of glycoproteins required for cell-to-cell spread, gD certainly plays an important role, although expression and function of this glycoprotein are highly variable: gD is entirely absent in the VZV genome (12), is not expressed by MDV-1 in cultured cells, is essential for virus entry only in the case of PrV, and is absolutely required for cell-to-cell spread and virus entry in HSV-1 and BHV-1 (12, 18, 26, 51) . In BHV-1, the essentiality of gD in cell-to-cell spread can be overcome by serial passage of a gD-negative mutant in cultured cells (48) . To further elucidate the possible interaction of unique short glycoproteins and cell-to-cell spread of members of the Alphaherpesvirinae family, future experiments will concentrate on the effect of a constitutive or inducible expression of gD in both wild-type and gE-gI-negative MDV-1, the trafficking properties of gE and gI in the presence or absence of the respective complex partner, and an assessment of the function of gM in growth of MDV-1. These studies may shed more light on the general principles of spread of alphaherpesviruses from an infected to an uninfected cell and in the functional interaction of the involved glycoproteins.
